Abstract: Neurons communicate through the exocytotic release of transmitters from presynaptic axon terminals and the ensuing activation of postsynaptic receptors. Instantaneous responses of postsynaptic cells to released neurotransmitters are mediated by ligand-gated ion channels, whereas G protein-coupled receptors mediate rather delayed effects. Moreover, the actions of ionotropic receptors are transient (milliseconds to seconds) and those of G protein-coupled receptors are more long lasting (seconds to minutes). Accordingly, neuronal signalling via ligand-gated ion channels is termed neurotransmission, whereas signalling via G protein-coupled receptors is termed neuromodulation. Exocytotic transmitter release is modulated by a variety of mechanisms such as previous activity at the synapse and the presence of extracellular neurotransmitters. Like the postsynaptic responses, presynaptic modulation is not only mediated by slowly acting G protein-coupled receptors, but also by fast acting ligand-gated ion channels. Accordingly, members of all known families of ligand-gated ion channels (cys-loop receptors, such as GABA A , glycine, nicotinic acetylcholine, and 5-HT 3 receptors, ionotropic glutamate receptors, P2X receptors, and vanilloid receptors) are known to control transmitter release. All these ligand-gated ion channels display heterogeneous structures and functions. Therefore, activation of such presynaptic receptors can control transmitter release in different ways and through a multitude of mechanisms. This review provides a summary of the functions of the different presynaptic ligand-gated ion channels and presents prototypic examples for the physiological and pharmacological relevance of these presynaptic receptors.
INTRODUCTION
Communication between neurons, or neurons and their effector cells, involves chemical substances released from specialized contact sites, the so called synapses. After the release process, these substances bind to specific receptors incorporated in the plasma membrane, leading to a signaling event. This chemical or humoral neurotransmission, was first described by Loewi 1921 [1] in the frog heart and has been studied extensively since then.
According to their signaling mechanisms, the receptors that get activated by the released substances can be grouped into either: (1) Fast ionotropic receptors: their activation by ligand binding leads to a change in ion conductance in milliseconds or even less, and they are thus also known as ligandgated ion channels. (2) Slow metabotropic receptors which signal via intricate signaling cascades. With these receptors, it may take seconds or even minutes for an effect to come into operation. Depending on the receptor type involved, the information transfer is called neurotransmission, in the case of the fast ionotropic receptors or neuromodulation, if slow metabotropic receptors are involved [2] .
The efficacy of information transfer between two neurons plays an important role in neuronal networks. Because of this, even small changes in the strength of synaptic transmis-*Address correspondence to this author at the Institute of Pharmacology, Centre for Biomolecular Medicine and Pharmacology, Medical University of Vienna, Waehringer Strasse 13a, 1090 Vienna, Austria; Tel: +43 1 4277 64146; Fax: +43 1 4277 9641; E-mail: stefan.boehm@meduniwien.ac.at sion are of great impact for crucial functions of the nervous system, such as learning and memory [3] . Typically, these changes can be observed within seconds to minutes, and thus represent good examples of the phenomenon of neuromodulation. This is further supported by the fact, that in the majority of cases metabotropic signaling is involved. Such alterations in synaptic strength may either depend on the preceding synaptic activity or are caused by the release of mediators from other neurons or glial cells [4] . The mechanisms that lead to the changes include either the modulation of transmitter release or alterations in the sensitivity of the receptors. They can thus be divided into two groups, depending on the sites where these changes take place: presynaptic or postsynaptic modulation. The activation of presynaptic receptors may not only lead to a change in transmitter release, but can also include other effects such as alterations in transmitter re-uptake via regulation of neurotransmitter transporters [5] .
From a morphological point of view, a presynaptic receptor is located at the highly specialized site of transmitter release, the so called active zone. These active zones show clustering of neurotransmitter containing vesicles and appear as electron dense structures when viewed by electron microscopy [6] . When trying to characterize presynaptic receptors it must be taken into consideration that extrasynaptic receptors can also be found in close vicinity to synaptic regions, and activation of these or of postsynaptic receptors may also exert some influence on the presynaptic release of transmitters. Therefore, it needs to be demonstrated unequivocally that a receptor is really a presynaptic one. To identify a presynaptic ligand-gated ion channel functionally, one can (1) use synaptosome preparations [7] , (2) employ dissociated neurons in cell culture where postsynaptic structures are lacking, and/or (3) use blockers for Na + and/or Ca 2+ channels. If a receptor-mediated modulation of transmitter release is affected by the application of a Na + channel blocker, the effect observed requires action potential propagation. This means that the receptor is too far away from the active zone to directly influence vesicle exocytosis ( Fig. 2A) . Such receptors are postsynaptic, extrasynaptic or preterminal. This latter term designates receptors located close to but not directly at the presynaptic terminals. If the application of Ca 2+ channel blockers alters a modulatory effect on transmitter release, there are two possible explanations: (1) the effect is mediated via receptors that trigger action potentials (see above). This can be readily analyzed by the application of Na + channel blockers, which should then suppress the effect ( Fig. 2A) . ( 2) The modulation is mediated via Ca 2+ impermeable channels, activation of which leads to a local change in the membrane potential that is large enough to alter the activation or inactivation kinetics of voltage gated Ca 2+ channels. As a consequence, transmembrane Ca 2+ entry and transmitter release are modulated (Fig. 2B) . If neither Na + nor Ca 2+ channel blockers show an effect on the receptormediated modulation of transmitter release, one can assume that the effect is mediated via a presynaptic, Ca 2+ permeable ligand-gated ion channel (Fig. 2C) . To trigger vesicular transmitter release, local Ca 2+ concentrations in the high micromolar range are needed [8] . Mathematical modelling shows that such concentrations are only reached within several nanometers of the Ca 2+ entry site [9] , leading to the need for close proximity of the release machinery and the Ca 2+ entry sites. Indeed, physical interactions between SNARE proteins involved in exocytosis, such as SNAP25 and syntaxin, and Ca 2+ channels of the Ca V 2 family have been demonstrated [10] . Given this need for spatial proximity, a ligand-gated ion channel that controls transmitter release independently of voltage-gated Na + or Ca 2+ channels always is a presynaptic one.
First evidence for the presence of ligand-gated ion channels in presynaptic nerve terminals was reported by Dixon in 1924 [11] . Riker et al. [12] appear to be the first to use the term presynaptic receptor. At the same time, Frank and Fuortes [13] demonstrated the GABA can exert presynaptic actions via ligand-gated ion channels, and Trendelenburg [14] provided evidence for presynaptic G protein-coupled receptors. Various types of these latter receptors were investigated in great detail in the subsequent decades, but more recently presynaptic ligand-gated ion channels came into focus. Accordingly, this review focuses on reports of presynaptic ligand-gated ion channels published during the last decade.
TYPES OF PRESYNAPTIC LIGAND-GATED ION CHANNELS
At a given presynapse, several types of presynaptic ligand-gated ion channels can be found. These may be classified by (1) structure, (2) function and by (3) their natural ligand(s). Here, we will rely primarily on the structural classification (Fig. 1) .
CYS-LOOP FAMILY
The ligand-gated ion channels of this family consist of five subunits each, forming a cylindrically shaped ion channel [15] . These channels can either be built from five identical subunits forming a homomeric receptor or by different subunits out of the same subfamily, forming a heteromer.
The single subunits consist of a large extracellular Nterminus harboring the ligand binding domain, four transmembrane domains (M1-M4) and an extracellular Cterminus. In between the ligand binding domain and the channel domains a 13 residues long sequence can be found that is flanked by two cysteines. These bind covalently to each other and thus build a disulphide bridge which leads to the formation of the name giving Cys-loop between the ligand binding site and adjacent channel domains. The transmembrane domains M3 and M4 are connected by a large intracellular loop (IL2) which provides a large part of the molecule's mass. This intracellular loop is known to harbour interaction sites which are important for contact with various intracellular proteins, such as clustering proteins or protein kinases. Furthermore, IL2 may play a role in the control of the receptors' ion selectivity. Anion conducting Cysloop receptors show a positive net charge in their IL2, whereas cation conducting ones have a negative net charge [15] .
Upon assembly of the pentameric receptor, the M2 transmembrane segments of the subunits form the channel pore, and the ligand binding pocket is built at the interfaces of two subunits. Currently there are four family members known, which can be sub categorized by their ion selectivity.
ANION PERMEABLE CYS-LOOP RECEPTORS

GABA A Receptors
-Aminobutyric acid is the major inhibitory transmitter in the brain. A large part of its action is known to be mediated by the ionotropic GABA A receptors. Today, 19 different subunits of this receptor subfamily are known [16, 17] , which can be incorporated into a functional receptor. Most GABA A receptors contain , and subunits. One prominent exception is a receptor that consists exclusively of subunits and shows distinct agonist and antagonist profiles; this ligand-gated ion channel is classified as the GABA C receptor [18] . Such receptors can be found in spinal cord, cerebellum and in the retina. However, subunits are also expressed in other CNS regions, and there they may be incorporated into heteropentameric GABA receptors [19] .
Different subunit composition results in three consequences: first, different pharmacological characteristics with differing potencies of ligands and/or modulating agents [17, 20] ; second, receptors consisting of different subunit combinations are targeted to synaptic and/or extrasynaptic sites; third, incorporation of different subunits may change clustering behaviour and scaffolding protein recruitment [21] .
The fact that presynaptic GABA A receptors may play a modulatory role was first documented in the 1960s at the crayfish neuromuscular junction [22] . Since then a number of effects mediated via presynaptic GABA A receptors have been described for different types of neurons and transmitter systems ( Table 1) whereas for GABA C receptors clear evidence for such presynaptic functions has been missing until the recent report by Kirischuk et al. [23] .
For GABAergic transmission it has been shown that activation of presynaptic GABA A receptors can decrease evoked GABAA suprachiasmatic n. GABA n.a.
- [24] +, increase; -, decrease; n.a., not analyzed; NA, noradrenaline; DA, dopamine; VTA, ventral tegmental area.
GABA release in the suprachiasmatic nucleus [24] , while leaving spontaneous release unchanged. In hippocampal neurons, however, Axmacher and Draguhn [25] found that both, spontaneous as well as evoked transmission, are effected by muscimol, a selective GABA A receptor agonist.
GABA A receptors were also found at the presynaptic site of glycinergic synapses in the rat spinal cord. There, they seem to play two opposite roles: On the one hand, activation of these receptors increased the frequency of spontaneous glycinergic events. This effect was clearly Ca 2+ dependent, since it could be blocked by Cd
2+
, a blocker of voltage-gated calcium channels (VGCCs), or by omission of Ca 2+ from the extracellular solution. On the other hand, application of muscimol decreased the amplitude of electrically evoked transmission [26] .
Glutamate release is modulated in an bidirectional way via presynaptic GABA A receptors in hippocampal preparations. Application of low concentrations of muscimol led to a large increase in the frequency of spontaneous transmission, whereas higher concentrations gave a biphasic response. First, a transient facilitation was observed which was followed by a marked decrease in the frequency of glutamatergic events [27, 28] . This effect was shown to be tetrodotoxin-sensitive and Ca
-dependent.
The release of [
3 H]noradrenaline from cerebellar cortex [29] and hippocampal synaptosomes [30] is also controlled by presynaptic GABA receptors . Here, basal release was increased by GABA application, whereas K + evoked release was decreased. Thus, presynaptic GABA A receptors once again mediated two opposite actions.
Glycine Receptors
As close relatives to GABA A receptors, Glycine receptors share high sequence homology with them. They also consist of and subunits [31] which have a presumed stoichiometry of 2 :3 [32] . Besides such heteropentameric receptors, homopentameric receptors containing only subunits have also been described. Currently, 4 and one subunits are known, but splice variants and post-translational modifications further increase complexity [31] . Similar to GABA A and nicotinic acetylcholine receptors, the subunit is responsible for ligand binding. The subunit seems to determine the ligand binding properties [32] and is the site of interaction for gephyrin, a clustering protein, responsible for synaptic localization of the receptor [33] .
Actions of presynaptic glycine receptors have been found in different parts of the neural system ( Table 2 ). In the spinal cord such presynaptic receptors facilitate spontaneous IPSCs, an effect which is driven by a presynaptic depolarization, since it could be blocked by tetrodotoxin and Cd
2+
. Furthermore, activation of presynaptic glycine receptors also led to a facilitation of evoked transmission in this system [34] .
At the Calyx of Held, a giant synapse in the medial nucleus of the trapezoid body, presynaptic glycine receptors mediate an increase in excitatory transmission via two uniform effects, an increase in the amplitudes of evoked excitatory transmission and in the frequency of spontaneous excitatory transmission [35, 36] . In these experiments the effects of glycine could be blocked by the addition of either Cd 2+ or the cell permeable calcium chelator EGTA-AM.
In the ventral tegmentum of adult rats, glycine was found to decrease the frequency of bicucculine sensitive spontaneous IPSPs in dopaminergic cells [37] . More recently, however, it has been found that in young animals (postnatal days 3-10) application of low concentrations of glycine and taurine led to an increase in the frequency of spontaneous IPSPs and a rise in the amplitudes of evoked GABAergic neurotransmission [38] . In these experiments, the augmentation was dependent on N/PQ-Type Ca 2+ channels and could be blocked by the application of tetrodotoxin or by the glycine receptor antagonist strychnine. In older rats (P22-30), however, strychnine increased both the amplitudes of evoked and the frequency of spontaneous transmission, indicating developmental changes and supporting the previous findings.
CATION PERMEABLE CYS-LOOP RECEPTORS
Nicotinic Acetylcholine Receptors
Functionally, these receptors resemble more or less nonspecific cation channels permeable for K + , Na + , as well as Ca 2+ . They are activated by their natural ligand acetylcholine and by a large variety of other agents, most prominently nicotine. The nicotinic acetylcholine receptor (nAChR) is a prototypic Cys-loop receptor with 5 subunits. Today, 17 different subunits ( 1 to 10 , 1 to 4 , , , ) are known. 1 , 1 , , , can be found only in muscle tissue, all others outside the musculature. The site of ligand binding resides in the Ntermini of the subunits, which can form homopentamers as well as heteropentamers with subunits at a 2:3 stoichiometry [39, 40] . In the brain, expression of predominantly 4 , 7 , and 2 subunits has been found, and 4 and 2 subunits form the most common heteropentameric receptor type.
Evidence that presynaptic nicotinic acetylcholine autoreceptors may control acetylcholine release came from both, GlyR VTA GABA -- [38] the peripheral [41] as well as the central nervous system [42] ( Table 3) . In both cases, receptor activation led to an increase in spontaneous as well as in evoked transmitter release [43] , but at the same sites activation of muscarinic autoreceptors exerted the opposite effect. Concerning the subunit composition of presynaptic nicotinic autoreceptors, recent studies suggested 3 / 4 in hippocampus [44] and interpeduncular nucleus [45] , but also 2 containing receptors may play a role [46] . In the neocortex, however, mainly 4 / 2 receptors seem to constitute the presynaptic receptor pool [45] .
In addition to their function as autoreceptors, nAChRs have also been reported to play a role as heteroreceptors controlling the release of other transmitters, such as glutamate or GABA. Evidence has been found in the medial habenula [47] and the hippocampus [48] , where short nicotine applications led to increases in spontaneous as well as evoked glutamate release. These effects were found to be Ca 2+ -dependent and insensitve to tetrodotoxin application and an involvement of 7 receptors was suggested [49] . This was further supported by the findings of Barik and Wonnacott [50] , who demonstrated the importance of 7 in the regulation of noradrenaline release. In the hippocampus, 4 / 3 receptors were found to enhance spontaneous glutamate release [51] . Furthermore, presynaptic nicotinic acetylcholine receptors facilitate glutamate release in the area postrema [52] , amygdala [53] , cerebellum [54] and olfactory bulb [55] .
Aside from the enhancement of glutamate release, presynaptic nicotinic acetylcholine receptors enhance spontaneous GABAergic neurotransmission in the hippocampus [56] and the interpeduncular nucleus [57] . Receptors containing 2 subunits mediated an increase in spontaneous as well as evoked GABAergic transmission in thalamus in a tetrodotoxin-insensitive manner. Wether this effect was Cd 2+ -sensitive or not seemed to depend on the type of neuron investigated [58] . Similar observations were made at synapses *, additional unidentified subunits are involved; +, increase; -, decrease; n.a., not determined; ACh, acetylcholine; NA, noradrenaline; DA, dopamine.
between olfactory bulb and amygdala neurons [53] and in spinal cord, where nicotine increases GABA release in a Cd
2+
-sensitive way [59] . In lumbar spinal cord, 4 / 2 nAChRs mediate an increase in both GABA [60] and Glycine release [61] in a tetrodotoxin-insensitive manner.
Presynaptic nicotinic acetylcholine receptors facilitate the release of catecholamines. First evidence came from Loffelholz [62] , who showed that application of nicotinic agonists to organs innervated by the sympathetic nervous system resulted in release of noradrenaline. Sacaan et al. [63] demonstrated that activation of nicotinic acetylcholine receptors induced release of noradrenaline in the hippocampus from terminals originating in the locus coeruleus. For that brain area, it had been reported before that large neurons express nicotinic receptors with a 6 3 2 composition, whereas small neurons express 3 4 type nicotinic receptors [64] . The latter mediate the modulation of noradrenaline release in the hippocampus [65] .
Rapier et al. [66] first found in striatal synaptosomes that dopamine release may be modulated via nicotinic receptors. Only recently it was clarified that this is caused by receptors containing 4 , 5 , 6 , 2 , and 3 subunits [67, 68] . The contribution of 7 receptors to the control of dopamine release is mediated by an indirect action involving an increase in glutamate release [69] . Induction of noradrenaline release via nicotinic acetylcholine receptors has also been reported in other brain areas, such as hippocampus [70] , the olfactory tubercle, the thalamus [71] and the prefrontal cortex [72] . Furthermore, there are also reports showing that nicotinic acetylcholine receptors may be involved in the control of 5-HT release [73] .
5-HT 3 Serotonin Receptors
The majority (six out of seven members) of 5-HT receptors belong to the superfamily of G-protein coupled receptors (GPCRs). Only the 5-HT 3 receptor is a ligand-gated ion channel [74] . Like nicotinic acetylcholine receptors, these channels are more or less non-specific cation channels with a high Ca 2+ permeability [75] . Expression of 5-HT 3 receptors can be found in multiple parts of the central nervous system. They occur in neocortex, hippocampus, amygdala, anterior olfactory nucleus, nucleus accumbens, caudate putamen and in the brain stem [76] [77] [78] .
Presently, there are two different isoforms known in rodents, 5-HT 3A and 5-HT 3B , and additional subunits have been found in other species. Most receptors in the central nervous system, however, seem to consist primarily of 5-HT 3A subunits, but heteromers containing the other subunit may exist, especially in the peripheral nervous system. Nevertheless, the functional relevance of 5-HT 3B subunits in the nervous system remains to be clarified [79, 80] .
With respect to presynaptic modulation, a variety of reports on 5-HT 3 receptors are available ( Table 4) . In hippocampal neurons as well as in the amygdala, 5-HT receptors are expressed on a subset of neurons [81] [82] [83] [84] [85] [86] [87] [88] . There, their activation transiently increased the frequency of miniature inhibitory postsynaptic currents due to a facilitation of spontaneous GABA release [81, 83, 84, 86, 88, 89] . In addition, 5-HT 3 receptors mediate a facilitation of spontaneous GABA release in cortical neurons [90] [91] [92] and of glutamate release in the area postrema [93] . Whereas this effect was sensitive to the blockade of voltage gated Ca 2+ channels by Cd 2+ in hippocampal neurons [86, 88] , application of that blocker had no effect in amygdala neurons [84] . In contrast to spontaneous release, the activation of presynaptic 5-HT 3 receptors led to an inhibition of evoked GABA release in the hippocampus [88] . Inhibitory actions were also detected with stimulated acetylcholine release in the cortex [94, 95] . With respect to catecholamines, 5-HT 3 receptors mediate an increase in dopamine release in striatum [96] , but contradictory results have also been reported [95] . Also as regards noradrenaline release the picture is not clear, as 5-HT 3 receptor ligands either stimulate or inhibit release in the heart [97, 98] and increase evoked noradrenaline release in brain slices [99] . Since the ligands used may also interfere with presynaptic 2 receptors these results should be treated cautiously [100] . Finally, presynaptic 5-HT 3 receptors may function as autoreceptors to control 5-HT release [101] , but this conclusion also does not remain undisputed [95] .
In summary, one can say that only reports concerning the influence of presynaptic 5-HT 3 receptors on GABA release 5-HT3 striatum DA + n.a. [96] are consistent, whereas their roles in the control of other transmitters still remain to be elucidated [102] .
Ionotropic Glutamate Receptors
Receptors of the superfamily of ionotropic glutamate receptors are constructed from four subunits each, and 18 different subunits are known at present. Three types of receptors can be distinguished: (1) -amino-3-hydroxy-5-methyl-4-isoxazoleproponic acid (AMPA), (2) kainate and (3) Nmethyl-D-aspartate (NMDA) receptors. The first two types are often subsumed as non-NMDA receptors. The three types differ in their subunit composition. NMDA receptors are composed of NR1, -2 (A, B, C, D) and -3, AMPA of GlurA to -D, and kainate receptors are made of Glur5 to -7 and KA1 and -2 subunits [103, 104] . Furthermore, 1 and 2 subunits have been reported, but their functions in synaptic transmission are only poorly understood [105] .
AMPA Receptors
AMPA receptors are characterized by fast gating, very rapid desensitization and poor Ca 2+ permeability [103] . Despite this, some roles for AMPA receptors in presynaptic modulation have been reported (Table 5) . They mediate presynaptic inhibition of excitatory postsynaptic currents in the Calyx of Held [106] and of GABA release in the cerebellum [107, 108] . Facilitation of spontaneous GABA release has been shown in hippocampal cultures in the absence of tetrodotoxin [109] . In the spinal cord, AMPA receptors increase spontaneous GABA release in a tetrodotoxin-and Cd 2+ insensitive way, while inhibiting evoked inhibitory postsynaptic currents [110] and glutamate release [111] . Furthermore noradrenaline release is enhanced by the activation of presynaptic AMPA receptors [112] and release of other amines may also be controlled via these receptors [113] .
Kainate Receptors
Kainate receptors are very similar to AMPA receptors in terms of activation and desensitization kinetics, but the recovery from desensitization is about ten times longer [103] . Today, several actions are known for presynaptic kainate receptors ( Table 6) .
First evidence for a presynaptic function of kainate receptors was obtained by Ferkany et al. [114] . Originally they were found stimulate the release of glutamate in the hippocampus, but later an inhibitory mode of action was suggested [115] . Nowadays it is clear that presynaptic kainate autore- +, increase; -, decrease; n.a., not analyzed; ACh, acetylcholine; NA, noradrenaline. +, increase; -, decrease; Ø, no change; n.a., not analyzed.
ceptors may cause low concentrations (in the nanomolar range) of agonists to enhance glutamate release, whereas higher concentrations (in the micromolar range) cause inhibition of release [116] . Besides this concentration dependence, the actual effect caused by kainate receptor activation also depends on the synapse investigated. In the hippocampus activation of presynaptic receptors at synapses of mossy fibers onto CA3 neurons may lead to an inhibition of evoked release. In this case, the effect is caused by kainate receptors containing Glur6 subunits. In contrast to this, activation of presynaptic kainate receptors containing Glur5 and Glur6 subunits on synapses formed between neurons of the perforant path and CA3 neurons leads to an increase in release. Also, spontaneous release was facilitated by Glur5 containing receptors [117] . The kainate receptor subunits involved in the presynaptic regulation of glutamate release have also been investigated, and both Glur5 [118, 119] and Glur6 [120] , were found to be involved. When studying cortical synaptosomes, Perkinton and Sihra [120] found that Glur6 containing kainate receptors facilitated evoked glutamate release. In the cerebellum, the action of presynaptic kainate receptors on parallel fibers was found to depend on the postsynaptic neuron. At synapses with Purkinje cells only a facilitatory action was found, but at synapses with stellate cells a moderate activation of the receptor resulted in an enhancement of release, whereas strong activation led to an inhbition [121] . Spontaneous and evoked glutamate release from primary afferent fibers in spinal cord was decreased upon activation of presynaptic, Glur5 containing, kainate receptors [122, 123] .
Opposing effects of presynaptic kainate receptors have also been reported for the control of GABA release. First, both spontaneous and evoked GABA release in the hippocampus can be inhibited by kainate receptor activation [124] [125] [126] [127] . However, subsequently it was found that low kainate receptor agonist concentrations may in fact stimulate release [128] . In this case, the subunits involved are likely Glur6 or KA2 forming heteromers together with Glur5 [129] . Further evidence for enhancing actions of presynaptic kainate receptor activation on GABA release came from synapses between interneurons in the hippocampus, where both spontaneous and evoked release were affected [130] . At GABAergic synapses on CA1 pyramidal neurons, however, kainate receptor activation led to an increase in frequency of spontaneous inhibitory postsynaptic currents, while amplitudes were decreased [131] . These contradictory results may be explained by the presence of two different receptor subtypes: one inhibitory receptor with high affinity and one stimulatory receptor with lower affinity for glutamate [132] . In contrast, GABA release in dorsal horn neurons was facilitated in a tetrodotoxin-insensitive, but Cd 2+ sensitive way. Similarly to hippocampal neurons, regulation of evoked inhibitory postsynaptic currents was found to be concentrationdependent: low kainate concentrations led to a facilitation, whereas higher concentrations caused an inhibition. The facilitatory action is caused by Glur5 containing receptors [133] , but the inhibition caused by higher concentrations may involve GABA receptor activation [122] . Similar effects were reported in the basolateral amygdala, where presynaptic Glur5 containing kainate receptors caused increases in spontaneous and evoked transmission at low agonist concentrations, but both were inhibited at higher concentrations [134] . For hypothalamic neurons, it is known that presynaptic kainate receptors may increase spontaneous and evoked transmission [135] .
Besides their control of glutamate and GABA release, presynaptic kainate receptors also modulate other transmitter systems. In the striatum, activation of Glur6 containing kainate receptors leads to facilitation of GABA and adenosine release. The released adenosine then acts on A 1 receptors, which in turn inhibit GABA release [136] . Acetylcholine release at the neuromuscular junction of zebrafish larvae is modulated by presynaptic kainate receptors, where their activation leads to an increase in release [137] . 
NMDA Receptors
NMDA receptors have some features, which set them apart from the other glutamate receptor subtypes. They are characterized by a glycine binding site, which has to be occupied together with the glutamate binding site in order to allow for channel gating. Furthermore, there is a voltage dependent block of the channel inophore by Mg 2+ ions and a high Ca 2+ permeability [103] . The latter makes these receptors very interesting with respect to presynaptic modulation ( Table 7) .
Presynaptic NMDA-receptors tonically increase spontaneous glutamate release in entorhinal cortex [138] in a tetrodotoxin-insensitive way. These autoreceptors exhibit NR2B subunits. Evoked release is controlled by presynaptic NMDA receptors in a frequency dependent way: it is enhanced when the stimulation frequency is raised from about 0.5 Hz to 3 Hz [138, 139] . Such actions have been found in cortical neurons, involving NR2B subunits [140] , at Schaffer collaterals, involving NR2A subunits [141, 142] and in hippocampal synaptosomes [143] . These effects seem to be age dependent, declining with increasing age [144] . Furthermore, Substance P release in the spinal cord is facilitated by NMDA receptor activation [145] . Upon NMDA receptor activation, GABA release is increased in interneurons projecting onto Purkinje cells for more than 10 minutes. This effect is independent of voltage-gated Ca 2+ channels, but involves ryanodine receptors, since blockade of the latter reduces the time the effect lasts to only 2 minutes [146] . In this experimental system, depolarization of the postsynaptic Purkinje cell led to activation of the presynaptic NMDA receptors, indicating an action of glutamate as a retrograde messenger. This effect was accordingly termed depolarization-induced potentiation of inhibition [146] . In the Xenopus retinotectal system, NMDA receptor activation led to an increase in spontaneous GABA release and to simultaneous reductions in action potential dependent release [147] . This latter finding indicates that in contrast to their facilitatory action, presynaptic NMDA receptors may also mediate reduced release. Evidence for such actions came from parallel fiber Purkinje cell synapses, where NMDA receptor activation caused a reduced glutamate release [148] . Moreover, evoked glutamate release in the spinal cord is reduced upon NMDA receptor activation [149] .
Catecholamine release is also controlled by the action of presynaptic NMDA receptors. In the cortex and hippocampus, NMDA receptor ligands increased noradrenaline release via a presynaptic site of action. This effect could be augmented by the addition of glycine [150, 151] . In the striatum, NMDA was shown to increase dopamine release [152] and in the spinal cord it increased noradrenaline release in a partially tetrodotoxin-sensitive way [112] .
P2X Receptors
P2X receptors are trimeric proteins. Each subunit consists of two transmembrane domains, with intracellular Nand C-termini. Today, seven different subunits are known that may be incorporated into a functional receptor. Thereby, homo-as well as heteromeric receptors may be formed, differing in ligand specificity and kinetic properties [153] . All of them are highly permeable to Ca 2+ ions [154] , thus rendering these receptors especially interesting in terms of presynaptic modulation ( Table 8) . Such a role was first discovered in the spinal cord [155] and the brain stem [156] , where application of ATP led to an increased frequency of excitatory postsynaptic currents independently of Na 2+ channel activity. Furthermore, in the brain stem it was found that this effect was even insensitive to a blockade of voltage gated Ca 2+ channels [156] , a finding which was later confirmed in the spinal cord [157] . In this system, P2X activation increased evoked glutamate release. In addition, it could be shown that blockade of ATPases, normally degrading released ATP, also activated the receptors [157] .
In the brainstem it was found that the facilitation of spontaneous release was caused by P2X receptors in a tetrodotoxin-and Cd 2+ -insensitve, but Ca 2+ -dependent manner [158, 159] . Interestingly, it was also shown that evoked release was decreased. This, however, was caused by the degradation of ATP to adenosine and subsequent activation of +, increase; -, decrease; Ø, no change; n.a., not analyzed; NA, noradrenaline; ACh, acetylcholine; SCG, superior cervical ganglion.
A 1 adenosine receptors [160] . In cortical synaptosomes [161] and hypoglossal motoneurons [162] , P2X receptor activation can facilitate glutamate release. In the hippocampus, P2X receptor activation leads to an increased frequency of miniature excitatory postsynaptic currents. This could be found in stratum radiatum interneurons, but not in pyramidal neurons [163] . In mossy fibers, however, P2X receptors may mediate a comparable effect [164] .
Besides the regulation of glutamate release, modulation of glycine release has been found. In the spinal cord, activation of P2X receptors leads to a tetrodotoxin-and Cd
2+
-insensitive, Ca 2+ -dependent increase in release [165] .
As ATP is a well established co-transmitter with noradrenaline in the central [166] as well as in the peripheral [167] nervous system, presynaptic P2X receptors have been studied in various preparations containing noradrenergic nerve terminals [168] . In sympathetic neurons, a positive feedback of noradrenaline release was found, mediated via presynaptic P2X receptors [169] . Similarly, ATP stimulates acetylcholine release at the neuromuscular junction [170] , an effect thought to be mediated by P2X receptors [171] .
Vanilloid Receptors (TRPV)
The TRPV family is a member of the transiant receptor potential (TRP) ion channel superfamily. Today six members of the TRPV family are known. TRPV 1 is a Ca 2+ permeable channel gated by vanilloids, such as capsaicin. In addition, it is also activated by protons and heat [172] . This receptor is involved in sensory information processing and accordingly it was first found in sensory neurons. There, its activation enhanced spontaneous glutamate release from axon terminals in a tetrodotoxin-insensitive manner [173, 174] , but evoked release was inhibited [175] . Interestingly, after peripheral inflammation TRPV1 antagonists caused opposite effects, which provides evidence for endogenous receptor activation during this process [176] .
Presynaptic TRPV 1 channels also play a role in other systems ( Table 9 ). In the brain stem, TRPV 1 activation increased spontaneous glutamate release in a tetrodotoxin-and Cd 2+ -insensitive manner [158] , while reducing action potential-dependent release [177] . In contrast to this, spontaneous and evoked release were both increased upon TRPV 1 activation in paraventricular neurons [178] .
According to the available data, it seems that mainly glutamate release is modulated by TRPV 1 . Reports on an enhancement of GABA release via TRPV 1 show that this increase could be blocked by glutamate receptor antagonists, thus suggesting an indirect effect via increased glutamate release [179] . In sensory neuron cultures, however, an increased release of calcitonin gene related peptide has been found [180] .
SIGNALLING MECHANISMS
Mechanisms of Neurotransmitter Release
The activation of a presynaptic receptor may result either in an increase, or a decrease of the release of neurotransmitters from the presynapse. What actually happens largely depends on the state of the presynapse at the moment of receptor activation. In this regard, one can differentiate between two types of transmitter release: (1) neurotransmitter release is caused by spontaneous fusion of vesicles with the plasmamembrane and is thus termed spontaneous release or (2) the result of an increase in intracellular Ca 2+ levels to millimolar concentrations which then actively promote vesicle fusion [181, 182] ). Since this type of release depends on a stimulatory event, it is often termed stimulated or stimulation-evoked release.
In experiments several types of stimulation protocols are used to trigger release: (1) short depolarizations via microelectrodes (intra-and extracellular) to elicit action potentials, (2) depolarization by increasing the extracelluar K + concentration [183] , (3) applications of Na + channel oppeners [184] , (4) blockade of K + channels [185] or (5) flash photolysis of caged Ca 2+ [8] . With the exception of the last possibility, release is in the end caused by the activation of voltagedependent Ca 2+ channels, which permit calcium entry. Thus, in these cases neurotransmitter release depends on the extracelluar Ca 2+ concentration and on the local arrangement of ion channels, whereas in the case of photolysis neither requirement applies. Similarly, spontanteous release is also independent of these parameters [186, 187] .
Under physiological conditions, neurotransmitter is released in response to fast depolarizations of the nerve terminals, which are caused by action potentials. In order to initiate release, the following steps have to occur: First, a transient depolarization of the nerve terminal due to an incoming action potential (1), which then leads to Ca 2+ entry via VGCCs (2). This then causes an increase in the intracellular Ca 2+ level above a critical concentration [181] [182] . (3) and ultimately triggers vesicle fusion and release (4) . The VGCCs necessary to initiate the release process cluster at the active zones, in close proximity to the release machinery (see [182] for a review). Because of this, their activation leads to high local Ca 2+ concentrations in this critical part of the membrane [182, 188] . Despite the high local concentrations reached during a single action potential, this is not enough to saturate the Ca 2+ sensor, and the amount of transmitter released may be increased by further raising intracellular Ca 2+ levels. Besides this large dynamic range of the Ca 2+ sensor, Ca 2+ ions show a high level of cooperativity, suggesting a great influence of even a minor inhibition of VGCCs [182] . Furthermore, during a single action potential the membrane is only briefly depolarized, leading to large effects even when Ca 2+ channel gating is only slightly influenced. This becomes evident when using Ca 2+ channel blockers which greatly reduce or even abolish stimulation evoked neurotransmitter release [186, 189] . Amongst the three families of VGCCs, only members of the Ca V 2, but not those of the Ca V 1 or 3, family are involved in the control of the release process [190] [191] [192] [193] . Moreover, direct physical interactions of Ca V 2 family members with other proteins involved in the release process have been demonstrated [193, 194] . Disruption of the interaction of SNARE proteins with Ca V 2 channels reduces transmitter release [195, 196] , which implicates an immanent importance of such interactions for a proper control of the release process.
Outside the presynapse, K + channels are important for setting the resting membrane potential, for the repolarizing phase of action potentials, and for the refractory period via the regulation of the length and amplitude of afterhyperpolarizations. Thereby the neuronal firing rate is controlled. At the presynapse, K + channels may directly influence transmitter release. In fact, most members of the huge K + family are localized presynapticaly [197] , with the prominent exception of the G-protein gated inward rectifier K + channels (GIRKs), which were only found in somatodentritic regions. Most recently, KCNQ K + channels have been found to play an important role in the control of the release process [198] , although contradictory results have been published [199, 200] .
Ionic Signalling Mechanisms
The opening or closure of ion channels leads to an alteration in the membrane conductance and may result in a change of the membrane potential. Depolarization may exert multiple effects on transmitter release, both spontaneous as well as evoked. In general, a depolarization brings the membrane potential closer to and sometimes past the activation threshold of Na + and Ca 2+ channels, thus increasing the open probability of these channels. This then leads to an enhanced Ca 2+ influx and thus to triggered release. For example, increases in extracellular K + concentrations lead to a concentration-dependent membrane depolarization and thus to an increase in transmitter release. At lower concentrations (25 mM) this effect can be antagonized by application of Na + channel blockers, whereas at higher concentrations (40 mM), no effect of such blockers on the release rate can be observed [88, 199] . Such observations are indicative of a so called depolarization block, which means that larger depolarizations may block action potential propagation. In addition, excitation-secretion coupling remains functional and release occurs, unless it is prevented by the application of Ca . From this, one can conclude that if a ligand-gated ion channel depolarizes the presynaptic membrane to an extent large enough to activate Na + and/or Ca + channels, this will finally lead to a transmembrane Ca 2+ influx into the presynapse and thus to Ca 2+ dependent exocytosis (Fig. 2) .
Some ligand-gated ion channels may be highly Ca 2+ permeable themselves [201] . Thus, their activation does not only lead to a depolarization, but also to Ca 2+ influx independently of VGCCs. This may directly stimulate Ca dependent excocytosis. If an action potential invades the nerve terminus when such a receptor is activated, one of three possibilities may apply: (1) The Ca 2+ fluxes triggered by the action potential might sum up with the one arising from the ligand-gated ion channel. If the Ca 2+ sensor is not saturated, this can lead to an increase in release (Fig. 3) . (2) The Ca 2+ that enters through the ligand-gated ion channel may cause a Ca 2+ -dependent inactivation of VGCCs, thus markedly reducing the Ca 2+ signal triggered by the action potential and concomitant release (Fig. 4). (3) The depolarization caused by the activation of a ligand-gated ion channel may cause a voltage-dependent inactivation of Na + and/or Ca 2+ channels, also leading to an inhibition of release (Fig.  4) .
Depolarizations may be caused by both, cation and anion permeable channels. Whereas the mechanism of depolarization via cation permeable ion channels is obvious, the situation is more complex for anion channels. Since cations are more or less equally distributed on both sides of the membrane their equilibrium potential is near 0 mV. Therefore, opening of a cation permeable channel at negative membrane potential levels will lead to an influx of cations and thus to depolarization. In contrast to this, the action of an anion channel mainly permeable for Cl -ions is highly dependent on the intracellular Cl -concentration. At low intracellular levels, the equilibrium potential for Cl -is negative to the resting membrane potential, and activation of the channel leads to Cl -influx and to a hyperpolarization. If the intracellular Cl -concentration is high, the equilibrium potential is positive with respect to the resting membrane potential. In this case, an activation of the Cl -permeable channel will lead to an efflux of Cl -ions and the membrane becomes depolarized [202, 203] . In the case that the Cl -equilibrium is more positive than the threshold for action potential triggering, activation of a Cl -conductance will lead to the generation of action potentials [202] . One example illustrating the importance of intracellular Cl -comes from spinal cord neurons, where the inhibition of the Na
-cotransporter by bumetanide reduced the augmentation of spontaneous glycine release via GABA A receptors [26] . In the same study, however, it was found that GABA receptor activation not only led to an increase of spontaneous, but also to a reduction in action potential-dependent transmission. This latter inhibitory effect may be explained by the fact that during the action potential the membrane potential briefly exceeds the reversal potential for Cl -and thus the Cl -flux reverses and counteracts the action potential-mediated depolarization. Moreover, a Cl --dependent depolarization may cause opposing effects on spontaneous and action potential-evoked transmitter release, as described for cation-mediated mechanisms below.
Given the complex dependence of the action of ligandgated anion channels on the intracellular Cl -concentration, one has to consider the mechanisms by which these intracellular levels are controlled. During postnatal development, various growth factors lead to the expression of the Cl -/K + cotransporter KCC2. This leads to a switch of GABA A responses from depolarizing to hyperpolarizing within two weeks of postnatal development [204, 205] . Interestingly, even after this switch, depolarizing GABA effects have been observed. In these cases, however, the permeating ion seems not to be Cl -, but HCO 3 -which is produced intracellularly by cytosolic carbonic anhydrases [205] .
Opening of ligand-gated anion channels may not only mediate depolarization, but also hyperpolarization. Such a hyperpolarization increases the distance between the membrane potential and the activation threshold of Na + and Ca 2+ channels which are therefore less likely to become activated.
Such an effect has been demonstrated by Lechner et al. [200] . In that study a 20 mV hyperpolarization, rendered neurons less excitable and reduced action potential firing in response to a depolarizing current injection. Nevertheless, action potential-dependent transmitter release was not altered significantly. Since spontaneous transmitter release only depends on the intracellular Ca 2+ concentration and not on the membrane potential, neither hyperpolarizations nor increased membrane conductances should have any influence [206] .
The increase in membrane conductance that results from the opening of ligand-gated ion channels is independent of the permeating ion. When this increase is large enough, action potentials can be shunted, providing an inhibitory mechanism independent of the channel type. In contrast to this possibility, Zhang and Jackson [207] have found only a minor influence of GABA A receptors on action potential propagation. Furthermore, Graham and Redman [208] found in simulations of action potentials in synaptic boutons that a conductance increase alone is unlikely to be sufficient to shunt action potentials. However, Cattaert and El Manira [209] presented evidence in favor of the hypothesis that shunting might be the predominant mechanism for the inhibition of presynaptic action potential propagation.
If action potential shunting is not the relevant mechanism, the question as to how depolarization may influence action potential-evoked transmitter release remains to be resolved. In response to increasing depolarizations from -80 mV to -50 mV Ca 2+ channels are activated, leading to an increase of intracellular Ca 2+ in the nerve termini without the need of Na + channel activation. As a consequence thereof, release caused by action potentials is augmented in an depolarization-dependent manner (Fig. 3) [210] . If the depolarization, however, exceeds certain levels, no increase is seen and the effect is reversed, leading to an inhibition of release (Fig.  4) . For example, addition of 5 mM K + leads to a slight depolarization and increases action potential-dependent glutamate release in hippocampal preparations, whereas higher concentrations (8-12 mM) cause an inhibition [116] . Similarly, action potential driven GABA release from hippocampal neurons remained more or less unaltered by 10 mM K + , whereas it was abolished by the addition of 20 mM K + [88] . One can conclude that smaller depolarizations do not have much influence on action potential propagation, but do slightly activate Ca 2+ channels and thereby increase intraterminal Ca 2+ levels. Larger depolarizations (>30 mV), however, lead to a voltage-or Ca
2+
-dependent inactivation of Na + and/or Ca 2+ channels, ultimately resulting in an inhibition of release (Fig.  4) .
Second Messenger Mechanisms
The fact that voltage gated K + and Ca 2+ channels may be regulated by GPCRs has been known for quite some time [211] . A large variety of GPCR agonists have been reported to cause inhibition of Ca 2+ channels in neurons [212, 213] , and many of the GPCRs that mediated these effects were found to cause presysnaptic inhibition [214] [215] [216] [217] [218] ). The pathways triggered by receptor activation mainly target the channels involved in excitation-secretion coupling, the Ca V 2 channel family proteins, and to a minor extent, the Ca V 1 family members [212, 213] . One can distinguish two pathways of GPCR signaling: (1) The membrane delimited pathway. It involves pertussis toxin sensitive inhibitory G proteins, acts fast (the maximum of inhibition is reached within one second), shows a characteristic slowing of the onset kinetics of whole cell Ca 2+ currents and a clear voltage dependence. This inhibition is caused by G protein subunits, which directly bind to the subunit of the Ca 2+ channel, thereby inhibiting the gating. The current-voltage relationship of the channel is shifted to more positive potentials due to this interaction, reflecting the "unwillingness" of the channel to open [213, 219] . (2) The diffusible pathway involves pertussis toxin insensitive G proteins of the Gq family as well as second messengers; it is much slower, does not affect the current kinetics, and impinges on Ca V 2 and Ca V 1 channels [212] . The mechanism involves an activation of phospholipase C and depletion of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) from the membrane [220] [221] [222] .
In addition to GPCRs, activation of ligand-gated ion channels uses these pathways. The first evidence came from hippocampal kainate receptors which may inhibit GABA release in a pertussis toxin-sensitive way and via protein kinase C [223] . Similar results were reported by Frerking et al. [224] with respect to glutamate release; again, the signaling cascade was pertussis toxin-sensitive and could be blocked by the application of protein kinase C inhibitors [225] . Furthermore, GluR5 containing kainate receptors raise the intracellular Ca 2+ concentration in a pertussis toxinsensitive way and cause an inhibition of VGCCs via a diffusible pathway [226] . Interestingly, the inhibition of evoked glutamate release was occluded by the activation of presynaptic A 1 adenosine or GABA B receptors, a finding that is in line with the observation that the effects of two inhibitory presynaptic GPCRs do not sum arithmetically when using the same signaling pathways [227, 228] .
In experiments on cortical neurons, evidence for AMPA receptor-dependent metabotropic effects has been obtained: activation of these ligand-gated ion channels was shown to reduce forskolin-stimulated cyclic AMP formation via the activation of an inhibitory G protein [229] . In the cerebellum, AMPA receptors inhibit Ca 2+ channels via Nethylmaleimide sensitive G proteins, thus reducing evoked GABA release [107, 108] . In that case, a membrane delimited pathway was suggested as the mechanism of action. Likewise, in the Calyx of Held AMPA receptors inhibit evoked glutamate release in a voltage-dependent manner, also via the membrane delimited G protein signaling pathway detailed above [106] . The action of P2X receptors, activation of which leads to a reduction in glutamate release via an inhibition of Ca 2+ channels, involves p38 MAP kinase activation [164] .
Besides this multitude of examples of inhibitory actions of presynaptic ligand-gated ion channels involving metabotropic mechanisms, some facilitatory actions have also been described. For example, the enhancement of glutamate release from hippocampal mossy fibers involves protein kinase A (PKA) activation via presynaptic kainate receptors [230] . The mechanism suggested to underly this increase was a PKA-dependent augmentation of the Ca 2+ influx via presynaptic Ca 2+ channels [231] . However, phosphorylation of proteins of the release machinery might also be involved, because SNARE proteins or -SNAP are good substrates for PKA phosphorylation [232] .
Thus, there is a plethora of evidence for control of transmitter release by presynaptic ligand gated ion channels via metabotropic actions involving G proteins and prototypic GPCR-coupled signalling cascades. What remains to be elucidated is how the ligand gated ion channels might activate the G proteins to initiate these signaling mechanisms [233] .
Interactions Between Ligand Gated Ion Channels
The fact, that the gating and the conductance of ligand gated ion channels is not fixed, but can be modulated, has been known for a long time. In many cases, this modulation involves phosphorylation or dephosphorylation of receptor proteins, thus leading to alterations in clustering behaviour [234] , changes in the time course of desensitization [235] , or alterations in the peak amplitudes of whole cell currents [236] . There is ample evidence that GPCRs play a major role in controlling these modulatory effects by, for instance, changes in intracellular cAMP levels and resulting changes in PKA activity [237, 238] . Nevertheless, direct interactions of G proteins with ligand gated ion channels may also occur [239] and direct protein-protein interactions between GPCRs and ligand gated ion channels may also play an important role in the regulation of the latter receptors [240] .
Apart from the regulatory mechanisms involving GPCRs, cAMP, kinases and phosphatases, the gating of ligand gated ion channels can be directly influenced by the activation of other ionotropic receptors, adding another layer of complexity. Since the first discovery of this phenomenon, several pairs of interacting ligand gated ion channels have been found in several parts of the nervous system. The first evidence came from Nakazawa et al. [241] . He found that the simultaneous activation of P2X and nicotinic acetylcholine receptors in rat pheochromocytoma cells (PC12 cells) did not result in a current that was equal to the linear sum of both individual currents, but only 20% larger than if only one of the receptors was activated. Some years later, the same group also found this non-additivity in primary cultures of rat sympathetic neurons [242] . From their data they concluded that the conductance activated by nicotine was not independent from that activated by ATP, leading to the hypothesis that ATP and nicotine might activate the same receptor, rather than two different ones. After the first P2X receptor was cloned, it became evident, that this hypothesis was wrong and that there must be another mechanism leading to these observations. This non-additivity of currents through P2X receptors and nAChRs has also been confirmed in guinea pig submucosal [243] , enteric [244] , and coeliac [245] neurons. The underlying mechanism was suggested to be a direct cross-inhibiton of the two receptors, which means, that one channel may hinder the opening of the other one. This effect takes place immediately after addition of the agonist, which rules out that complicated signaling cascades are involved. The P2X -nAChR interaction was also observed with recombinant receptors in Xenopus oocytes [246] , and similar cross-inhibition has also been found for combinations of P2X and GABA A receptors [247] [248] [249] [250] [251] , P2X and 5-HT 3 [252, 253] , GABA A and Glycine receptors [254] and most recently, 5-HT 3 and GABA A [255] .
The mechanisms underlying these negative crosstalks seem to be direct protein-protein interactions. This was demonstrated by the combination of biochemical and electrophysiological methods: (1) Co-Immunoprecipitiation of P2X and 5-HT 3 receptors [253] , (2) expression of a C-terminal deletion mutant of a P2X receptor which does not interact with other ligand-gated ion channels [247, 253] , or (3) expression of minigenes of the large intracellular loop of the GABA A receptor subunits or the C-terminal region of the P2X receptor, which also disrupt the cross-inhibition [247, 248, 253] . These data indicate that there are distinct parts of the receptor proteins which play a major role in the interaction. Furthermore, physical association of P2X and nAChR could be shown by a combination of total internal reflection microscopy (TIRFM) and fluorescence resonance energy transfer (FRET), a microscopy technique used to visualize protein-protein interactions in close proximity to the membrane [256] .
Besides these direct interactions, an involvement of Ca 2+ and protein kinase C (PKC) in the crosstalk between different ligand-gated ion channels was discovered recently [257, 258] . In these cases, activation of homomeric highly Ca 2+ permeable 7 nAChR leads to a profound decrease in GABA currents. In comparison with the direct interactions mentioned above, the time course of the inhibition is much slower, reaching its maximum effect within minutes, and can be blocked by the addition of Ca 2+ chelators and PKC inhibitors.
Despite the numerous interactions mentioned above, evidence for interactions between presynaptic ligand-gated ion channels is scarce and has only been reported for P2X receptors and nAChRs. In contrast to the results for postsynaptic receptors [156] , activation of presynaptic P2X receptors on neocortical glutamatergic nerve terminals potentiated glutamate release due to the activation of nAChRs and vice versa [161] . Given these discrepancies and the multitude of possible interactions between ligand-gated ion channels, it will be interesting to learn more of their role in the presynaptic regulation of transmitter release.
Presynaptic Ligand-Gated Ion Channels in Physiology and Pharmacology
One of the best studied systems as regards the importance of presynaptic ligand-gated ion channels are monosynaptic reflexes, which have been used for experimental purposes for a long time [13] . In the spinal cord, presynaptic inhibition of primary afferents is caused by GABA A receptors. Their activation leads to Cl -efflux and thus to a depolarization of the nerve terminal [259] which then leads to presynaptic inhibition. The GABA needed for the activation comes from interneurons which make direct contact with the presynaptic sites via axo-axonic synapses [260] . The tonic inhibition is reduced upon movement initiation via the activation of the muscle spindle of the contracted muscle. At the same time, the presynaptic inhibition of the afferents innervating the motoneurons of muscles that remain relaxed is increased [261] . If the system gets disturbed, for example due to a spinal cord injury, consequences such as spasticity may arise [262] . This and the fact that an activation of presynaptic GABA A receptors is responsible for the muscle relaxing properties of benzodiazepines [263] emphasizes the importance of presynaptic inhibition in every day life.
Presynaptic kainate receptors play an important role in brain development and synaptic plasticity. Immature hippocampal neurons tend to "search" for targets. This rapid movement of filopodia is terminated by synapse formation. During this search, activation of presynaptic kainate receptors by low glutamate concentrations results in an increased mobility of these filopodia. However application of higher concentrations seems to have the opposite effect. These opposing effects become important after the initiation of synapse formation, since, as the synapse is formed and the space between pre-and postsynapse gets tighter, the local concentrations of glutamate will rise. Thus, these mechanisms are probably crucial for proper synapse formation in the hippocampus [264] . In addition, the diverging effects of kainate receptors on glutamate as well as GABA release are important for the determination of proper network activity in the hippocampus [225] , a crucial factor in hippocampal development [265] .
In addition, presynaptic kainate receptors seem to play a role in nocioception. Their activation leads to a reduction in glutamate release in the dorsal horn of the spinal cord [266] . Even though the pain threshold does not seem to be altered in GluR5 knockout animals [267] , responses to inflammatory pain were significantly reduced [268] . This finding is further supported by data showing that a selective GluR5 antagonist is able to attenuate experimental hyperalgesia [269] and migraine [270] in humans.
Aside from their importance in neuronal development and pain sensation, presynaptic kainate receptors play a role in short as well as long term plasticity. On short time scales (seconds), the activation of kainate autoreceptors leads to a marked increase in synaptic strength, which becomes visible in paired pulse and frequency facilitation [116] . On longer timescales, long term potentiation (LTP) is triggered, which usually involves NMDA receptor activation. In the case of hippocampal mossy fibers, however, LTP is independent of NMDA receptors and most likely relies on kainate receptor activation [271] .
Presynaptic nicotinic acetylcholine receptors may act as autoreceptors at the neuromuscular junction, where they amplify the neuronal release of acetylcholine [41] . The importance of this positive feedback becomes evident upon blockade of these autoreceptors by, for example, tubocurarine, which leads to the phenomenon of tetanic fade or train-offour fade [272] . Under control conditions, a train of four stimuli leads to rather constant muscle contraction, but in the presence of the blocking agent contraction decreases. The mechanism behind this is thought to be a disturbance of the positive feedback and thus of the amplification of the neuronal signal [272] . Nicotine, the major source of which is tobacco smoke, may cause a variety of cardiovascular diseases. The effects of nicotine are mainly mediated via the sympathetic nervous system [273] , but nAChRs are located in both, the sympathetic and parasympathetic ganglia and the axon termials in the target organs [62] . Because of this, nicotine may, on the one hand, enhance the firing rate of the postganglionic neurons via central or ganglionic actions, and on the other hand, it might directly enhance noradrenaline release from the sympathetic presynapses. In initial investigations, nicotine raised blood pressure and heart rate, but at the same time reduced the activity of the sympathetic nervous system [274] . This was taken as an indication for a presysnaptic action of the toxin. In more recent studies, however, nicotine did not reduce but rather increased sympathetic nervous system activity, but only as long as the effect was not counteracted by the baroreflex [275] . In support of this finding, nicotine, when taken up via routes other than smoking, is able to stimulate sympathetic outflow [276] . This indicates that the action of nicotine involves a central or ganglionic site of action rather than solely a presynaptic one. This is further supported by experiments showing that nicotine application first stimulates noradrenaline release via action potentials and only at higher concentrations acts on presynaptic receptors [277] .
CONCLUSION
More than 50 years ago, initial evidence for the modulation of transmitter release via presynaptic ligand-gated ion channels was found. Since then a large variety of presynaptic ionotropic receptors has been detected. Members of each of the known families of the ligand-gated ion channels are present at different types of presynaptic axon endings. Activation of these receptors can cause either a rise of previously spontaneous vesicle exocytosis or a facilitation or inhibition of action potential-dependent transmitter release. Thus, the families of ligand-gated ion channels provide presynaptic regulators which are as multifunctional and versatile as presynaptic voltage-gated ion channels or GPCRs. In light of the fact that each ligand-gated ion channel contains three to five subunits and that there are more than 70 diverging subunits, one has to expect that a large number of presynaptic ligand-gated ion channels are yet to be discovered. Therefore, we can look forward to learning more about the roles of presynaptic ligand-gated ion channels in the future. 
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